The stress response in bacteria involves mechanisms of energy-dependent degradation of denatured proteins. Two ATPdependent intracellular serine proteases, Lon and Clp, are responsible for the majority of abnormal protein degradation in Escherichia coli (37, 38) . Clp proteins consist of two subunits, the ATP-dependent proteolytic component (ClpP) (57) and the ATPase regulatory component (ClpA or ClpX). ClpA possesses two ATPase sites whereas ClpX has only one, resembling the second ATPase site of ClpA (15, 16) . It has been demonstrated that the Clp ATPases are not only factors which favor the binding of polypeptide substrates to ClpP (15, 52, 56) but also ClpP-independent molecular chaperones able either to repair proteins during stress conditions or to activate initiation proteins for Mu, , or P1 DNA replication (for a review, see reference 54). In Bacillus subtilis, both ClpP and ClpX play a central role. Indeed, a clpP null mutation was shown to have a pleiotropic effect in B. subtilis since ClpP is essential for stationary-phase survival, growth at high temperature, motility, competence development, and sporulation (39) . In the same way, ⌬ClpX or ⌬ClpP mutants exhibited severely impaired growth under stress conditions such as the presence of 6% (wt/vol) NaCl or 5% (vol/vol) ethanol or after a temperature shift to 50°C (12) . In Lactococcus lactis, ClpP plays a major role in the degradation of misfolded proteins accumulated following exposure to stress conditions (11) .
In E. coli, clpP and clpX are transcribed together and belong to the 32 heat shock regulon (15) . In B. subtilis, clpP and clpX are located at different loci on the chromosome and are transcribed as monocistronic genes. Many clp genes as clpP and clpC are under control of both A -and B -dependent promoters (39) . Transcription initiation at the A promoter is regulated by a CtsR repressor (6, 30) . In contrast, a heat-inducible A -like promoter controls clpX gene expression (13) , which has been reported to be CtsR independent (6) . Nevertheless, Krüger and Hecker (30) showed that deletion of ctsR led to a partial effect on the expression of clpX at normal temperature. Thus, clpX gene expression should be regulated by more than one mechanism.
In lactic acid bacteria, several stress genes including groEL and dnaK are regulated by the CIRCE element as is the case for class I genes of B. subtilis (for a review, see reference 2). The target of the CtsR repressor was found in the promoter regions of many clp genes (6) such as clpP from L. lactis (11) and genes encoding small heat shock proteins (Hsps) from lactic acid bacteria (6) . The induction of these genes could be CtsR dependent, and this repressor led to the definition of a novel heat shock response system. B. subtilis stress genes subjected to this regulation are referred to as class III genes.
To study the regulation mechanisms controlling heat shock gene expression in lactic acid bacteria, investigations of the molecular and physiological bases of the stress response of Oenococcus oeni (formerly Leuconostoc oenos) have been initiated (20, 22, 27, 28) . This bacterium is most often responsible for malolactic fermentation in wine (31) , and is able to grow after alcoholic fermentation in an acidic medium and in the presence of a high ethanol concentration. Among the O. oeni stress genes, hsp18 (encoding a small Hsp [27] ) and trxA (encoding a thioredoxin [28] ) have been characterized. In both cases, the regulation mechanisms remain unclear, although a putative CtsR target sequence has been identified in the promoter region of hsp18 (6) .
In some bacteria, the clpX gene belongs to a cluster that also contains the gene encoding the trigger factor (tig). Recent studies have shown that the trigger factor is a peptidyl-prolyl isomerase able to catalyze protein folding in vitro, to associate with nascent polypeptides on ribosomes, and to cooperate with the GroEL chaperone in promoting degradation of some unstable proteins in vivo (for a review, see reference 25).
Here we describe the cloning and sequencing of the tig and clpX genes. The purified ClpX protein exhibited an ATPase activity. Transcription of clpX was examined with respect to temperature and was compared to hsp18 and tig as a function of growth phase. The clpX 5Ј-end mRNA was also determined.
MATERIALS AND METHODS
Bacterial strains, media, and plasmids. O. oeni Lo84.13 was obtained from the Oenological Institute of Bordeaux (Bordeaux, France). E. coli TG1 (14) was used as a host for construction of the genomic library and for the subsequent cloning steps. Plasmid pJDC9 (4) was used as a vector for the library. E. coli was grown in Luria-Bertani (LB) broth or agar at 37°C. O. oeni was grown in FT80 medium (pH 5.3) (3) modified by the addition of meat extract instead of Casamino Acids. Erythromycin was used at a final concentration of 250 g ⅐ ml
Ϫ1
. PCR amplifications. For amplification of specific probes, each PCR was done in a final volume of 100 l containing O. oeni genomic DNA (50 ng), deoxyribonucleotide triphosphates (100 M each), oligonucleotides (400 M each), 0.5 U of Taq DNA polymerase (Appligene), and the buffer supplied with the enzyme. Amplification was performed with a Hybaid Omn-E thermocycler (Hybaid Ltd., Teddington, United Kingdom) for 35 cycles consisting of 40 s of denaturation at 92°C, 1 min of annealing at 42°C, and 1 min of elongation at 72°C. PCR amplification of clpX was carried out with 5 U of Pfu DNA polymerase (Stratagene, La Jolla, Calif.) for 30 cycles consisting of 45 s of denaturation at 92°C, 45 s of annealing at 45°C, and 4 min of elongation at 72°C.
DNA manipulation, sequencing, and analysis. The methods described by Sambrook et al. (41) were used for isolation, manipulation of recombinant DNA, and Southern blot analysis. Double-stranded plasmid DNA was purified by using a Qiagen plasmid kit (Tip 100; Qiagen, Hilden, Germany) and was sequenced by the dideoxy-chain termination method (42) with a Thermo Sequenase sequencing kit (Amersham Life Science, Inc., Cleveland, Ohio). Both strands were sequenced with synthetic oligonucleotide primers. Computer analyses of nucleotide and amino acid sequences were carried out with PC/GENE software (Intelligenetics).
Construction and purification of the MBP-ClpX fusion protein. Construction of the malE-clpX fusion was based on a protein purification system from New England Biolabs (Beverly, Mass.), and plasmid pMAL-c2 was used as the vector. clpX was PCR amplified with the primers CLPXB5Ј (5Ј-ATGGACGTAGGAT CCATACAACCG-3Ј) and CLPXX3Ј (5Ј-GTATAGATATCTAGATTTTTAA TT-3Ј) in order to create 5Ј-end BamHI and 3Ј-end XbaI sites. The 1,332-bp product of this amplification was then cleaved with BamHI and XbaI and ligated into BamHI-XbaI-digested pMAL-c2. The resulting plasmid, pMClpX, carries the malE-clpX gene fusion under the control of the tac promoter. The in-frame fusion between malE and clpX was confirmed by sequence analysis. One liter of LB medium containing 2 g of glucose and 100 g of ampicillin was inoculated with a 10-ml overnight culture of E. coli TG1(pMClpX) or TG1(pMAL-c2) and incubated with vigorous shaking at 37°C. When the culture reached an optical density at 600 nm of 0.5, isopropylthiogalactopyranoside (IPTG) was added to a final concentration of 0.3 mM. After an additional 2 h of incubation, the cells were centrifuged at 4,000 ϫ g for 10 min, washed with column buffer (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 1 mM EDTA) and resuspended in 10 ml of column buffer containing 0.5 mM phenylmethylsulfonyl fluoride. Cells were broken in a French pressure cell at 1.2 ϫ 10 5 kPa, and the lysate was centrifuged at 9,000 ϫ g for 20 min at 4°C. The supernatant (crude extract) was diluted with column buffer to obtain a final protein concentration of 2.5 mg ⅐ ml
. The crude extract was applied to a column containing 15 ml of amylose-conjugated agarose (New England Biolabs) and washed with 12 volumes of column buffer at 4°C. Fusion protein was eluted with column buffer supplemented with 10 mM maltose. Purified maltose binding protein (MBP)-ClpX fusion was cleaved with factor Xa (0.5 mg of factor Xa/100 mg of fusion protein) at 4°C. Cleavage was visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10.5% polyacrylamide) as described by Laemmli (34) .
ATPase activity. ATPase activities were measured in 100 l of reaction buffer containing 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)-KOH (pH 6), 10 mM MgCl 2 , and 5 mM Na 2 ATP. Solutions were incubated for 20 min at 37°C, and the reactions were stopped by addition of 300 l of 1% SDS. Inorganic phosphate was measured with the colorimetric method described by Dufour et al. (8) .
Isolation of total RNA and Northern blot analysis. O. oeni total RNA was purified as previously described (27) . RNAs (30 g) were separated in 1.2% (wt/vol) agarose-6.6% (vol/vol) formaldehyde gels and then transferred to Hybond-Nϩ membranes (Amersham). Probes A for tig and B for clpX were obtained from pGID552 HpaII and SspI DNA fragments, respectively, by PCR amplification with appropriate primers; the hsp18 probe was obtained as previously described (27) . The probes were radiolabeled with [␣-
32 P]dATP, with a random primers DNA labeling kit (Gibco-BRL, Gaithersburg, Md.). Northern blot analyses were performed at least two times.
Reverse transcription-PCR (RT-PCR).
O. oeni RNA (30 g) was treated with DNase (RNase free; Sigma, St. Louis, Mo.) as recommended by the manufacturer. DNase was removed with one phenol-chloroform extraction. Specific cDNA was synthesized as described for primer extension analysis (see below) and was amplified by PCR.
Primer extension analysis. Oligonucleotides PE1 (5Ј-AAATTAGTCTTAAC CCGGTTGGT-3Ј), PE2 (5Ј-GCCGGCAGAAACCGATTTCTC-3Ј), and PE3 (5Ј-TTTCAACTGCTTGAGCACTGT-3Ј) (Fig. 1B) were used to map the 5Ј terminus of clpX mRNA in O. oeni. RNA (5 g) isolated from O. oeni control cells (grown at 30°C) or heat-shocked (30 min at 42°C) cells was mixed with 2 pmol of each primer. After a 5-min denaturation step at 100°C, the mixture was cooled in ice for annealing. Reverse transcription was carried out with the Superscript II RNase H Ϫ reverse transcriptase (Gibco-BRL) as recommended by the manufacturer. Analyses of the extension products were performed as previously described (27) .
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank, and DDBJ nucleotide sequence databases under accession no. Y15953.
RESULTS
Cloning of the clpX gene from O. oeni. Oligonucleotide primers with opposite orientations were designed from two conserved regions of known clpX genes: the ATP binding motif 2 (YIDEIDK) and the consensus sequence (GEGVQQ) (13, 15) . The two degenerated primers were 5Ј-TAYATHGAYGA RATHGAYAAR-3Ј and 5Ј-YTGYTGNACNCCYTCNCC-3Ј (R ϭ A or G; Y ϭ C or T; H ϭ A, C, or T; N ϭ A, G, C, or T). A 0.1-kb probe was amplified from the genomic DNA of O. oeni and was used to screen a genomic library of O. oeni obtained as previously described (33) . Of the 2,880 clones in the genomic library, 5 hybridized with the probe. Restriction profiles of plasmid DNA prepared from these five clones indicated that they carried overlapping inserts (data not shown). One of these clones containing a 6.2-kb DNA fragment from O. oeni was designated TG1(pGID552) (Fig. 1A ) and was retained for further characterization.
Southern blot analysis was performed with probe A (obtained as described in Materials and Methods) against BamHI, EcoRI, BglII and BamHI-EcoRI digests of total O. oeni DNA. Hybridization yielded single fragments (data not shown), suggesting that a single copy of the cloned gene was present in the O. oeni genome.
Sequence analysis. The insert in recombinant plasmid pGID552 was partially sequenced. The 2,800-bp nucleotide sequence contains two open reading frames (ORFs). The first ORF (designated tig) is 1,316 nucleotides long starting at a putative AUG start codon. A putative ribosome binding site (RBS) 5Ј-GGAGG-3Ј was complementary to the 3Ј end of Leuconostoc mesenteroides 16S rRNA (5Ј-CACCUCCUUU-3Ј) (complementary nucleotides are underlined) (58) . L. mesenteroides 16S rRNA was taken as a reference since the 3Ј end of O. oeni 16S rRNA has not yet been described. This putative RBS is fairly similar to the one described previously for the O. oeni hsp18 gene (27) . Inspection of the 3Ј noncoding sequence shows an inverted repeat sequence followed by a cluster of T's that could form a stem-and-loop structure in mRNA with a calculated ⌬G f of Ϫ8.6 kcal ⅐ mol Ϫ1 (Ϫ36 kJ ⅐ mol Ϫ1 ) (53). This structure is likely to function as a rho-independent transcriptional terminator. Two putative start codons could be proposed for the second ORF (clpX). The first one is an usual AUG start codon (nucleotide 516), but no sequence similar to a putative RBS could be found upstream this codon (Fig. 1B) . Another start codon could be AUA (nucleotide 531) encoding an isoleucine residue. A putative RBS (5Ј-AUGGACGU-3Ј) quite complementary to the 3Ј end of L. mesenteroides 16S rRNA (5Ј-CACCUCCUUU-3Ј) (complementary nucleotides are underlined) was found seven nucleotides upstream the AUA codon. The sequence of this region was confirmed by sequencing a PCR fragment amplified from O. oeni genomic DNA.
The protein deduced from the tig sequence is composed of 438 residues and has a calculated M r of 48,176 with a predicted pI of 4.64. The amino acid sequence exhibits similarity to other trigger factors available in protein data banks. The higher identities were observed with B. subtilis (44% identity) (accession no. P97173), Haemophilus influenzae (29%) (10) , and E. coli (28%) (19) trigger factors. The 413-amino-acid protein deduced from the nucleotide sequence of clpX has a predicted M r of 45,650 and a pI of 5.78. A comparison of the sequence with database entries showed a high degree of identity with previously published ClpX proteins (Fig. 2) . Identities of 58.6% were found with B. subtilis (13), 57.2% with E. coli (15) , 55% with H. influenzae (10) , and 44.6% with Azotobacter vinelandii (26) ClpX proteins. Lower identity degrees were shared with bacterial ClpY proteins (also called HslU) (54) .
Purification of ClpX protein and ATPase activity. The vector pMAL-c2 was used to fuse clpX to the E. coli malE gene, which encodes the MBP, resulting in plasmid pMClpX. The MBP part allows purification of the fusion protein (MBPClpX) by affinity chromatography. A cleavage site for factor Xa, adjacent to the N-terminal part of ClpX, allows the release of a native-size ClpX protein from this fusion. Analysis of extracts of IPTG-induced E. coli TG1(pMClpX) cells by SDS-PAGE showed that MBP-ClpX was highly produced (data not shown). Subsequently, the MBP-ClpX fusion protein was purified by amylose affinity chromatography, yielding about 23 mg of at least 95% pure fusion protein. An aliquot of 0.5 U of factor Xa was added per 100 g of purified MBP-ClpX fusion protein, and the mixture was incubated at 4°C. Cleavage was monitored by SDS-PAGE and Western blotting using anti-MBP antibodies (diluted 1:10,000) as previously described (27) . Complete cleavage of the fusion occurred after 36 h of treatment with factor Xa. The MBP and ClpX protein mixture was used to test the ATPase activity of ClpX.
While no ATPase activity was measured on MBP-ClpX fusion protein, an activity was detected after cleavage by factor Xa and release of ClpX from the fusion protein. As a control experiment, no ATPase activity was detected on purified MBP. The ATPase activity of purified ClpX was ϳ0.2 mol/min/mg. The weak ATPase activity observed is consistent with values reported for E. coli ClpX (18, 55) .
Northern analysis of tig and clpX mRNA. The in vivo transcripts of the clpX and tig genes were detected by Northern analyses with total RNA prepared either from cells of O. oeni in exponential growth or taken at different times after bacteria were transferred to 42°C. Hybridizations with probe A for tig and probe B for clpX revealed two transcripts with sizes of around 1.6 kb each (Fig. 3) .
The temperature dependence of clpX transcription is shown in Fig. 3B . An increase in clpX-specific mRNA was observed after 3 min of heat shock at 42°C. The maximum amount of clpX mRNA was obtained after 5 min of heat shock and remained at the same level afterwards. In contrast, heat shock conditions had no influence on the amount of tig mRNA detected (data not shown). These findings suggest that clpX gene transcription is induced by the rise of temperature.
Comparison of clpX, tig, and hsp18 expression as a function of growth phase. Northern blot analysis was performed on RNA samples from O. oeni cells taken at different growing stages (Fig. 4A) with the clpX, tig, or hsp18 probe. The clpX mRNA was strongly detected in the course of the exponential growth phase (Fig. 4B, lanes 1 to 4) . Then the amount of transcript decreased during the early stationary growth phase (Fig. 4B, lanes 5 to 9) and was undetectable at the late stationary growth phase (Fig. 4B, lanes 10 and 11) . The abundance of detected tig mRNA decreased from the late growth phase to the stationary phase (Fig. 4B) . Furthermore, unlike clpX and tig, an increase in the amount of hsp18 mRNA began in late exponential phase and reached a maximum in late stationary phase (Fig. 4B, lanes 6 to 11) .
Effect of chloramphenicol on clpX, tig, and hsp18 expression. To determine whether de novo protein synthesis is required for clpX, tig, and hsp18 expression, their mRNAs were monitored in the absence of protein synthesis. Fifteen minutes after addition of chloramphenicol (100 mg/ml), cells were or were not submitted to heat shock at 42°C for 5 min and total RNAs were prepared. As monitored by [ 35 S]methionine labeling experi- Samples were electrophoresed through an agarose-formaldehyde gel, blotted onto membranes, and hybridized with ␣-32 P-labeled probe A for tig or probe B for clpX (Fig. 1A) . The resulting autoradiograms are shown in panels A and B, respectively. Arrows indicate the positions of the detected transcripts. The central numbers represent the molecular size markers. ments, protein synthesis was totally abolished after addition of chloramphenicol (data not shown). No clpX mRNA was detected in control cells or heat-shocked cells in the presence of chloramphenicol (Fig. 5) . In contrast, the addition of chloramphenicol had no effect on tig expression and on hsp18 heat shock induction (Fig. 5) . As a control experiment, we showed that mleA, encoding the malolactic enzyme of O. oeni (32) , was expressed at the same level in presence or absence of chloramphenicol (Fig. 5) . These results indicate that expression of hsp18 and that of tig do not require de novo protein synthesis, whereas clpX expression seems to require it.
FIG. 2. Comparison of the O. oeni ClpX predicted amino acid sequence (CLPX_OOENI) with those of B. subtilis (CLPX_BACSU) (13), E. coli (CLPX_ECOLI) (15), H. influenzae (CLPX_HAEIN) (10), and A. vinelandii (CLPX_AZOVI) (26)
Determination of clpX 5-end mRNA. No transcription start point could be identified in the nearby region upstream clpX ORF. Thus, we tried to map the 5Ј end of the transcript by using an RT-PCR approach. Total O. oeni RNA was treated with DNase to remove any trace of DNA. Reverse transcription was done with oligonucleotide Y1, complementary to the 5Ј end of clpX (Fig. 1) . Then PCR was carried out with Y1 and six other antisense oligonucleotides (X1 to X6), located upstream clpX (Fig. 1) . The experiments carried out with X1 to X5 led to amplification of DNA that had the expected sizes, whereas X6 led to no amplification (data not shown). A second reverse transcription with oligonucleotide Y2 gave the same results after PCR amplification. As a control experiment, no PCR amplification was observed when no reverse transcription was conducted on RNA. These results suggest that the 5Ј end of the clpX transcript was located between X6 and X5, i.e., between nucleotides 59 and 219 (Fig. 1B) 
FIG. 5. Effect of chloramphenicol on clpX, tig, hsp18
, and mleA expression. Cells were incubated for 15 min at 30°C after the addition (lanes ϩ Cm) or not (lanes Ϫ Cm) of chloramphenicol (100 g/ml). After a 5-min incubation at 42 or 30°C, total RNAs were extracted, separated on a 1.2% agarose gel, and transferred to membranes. The RNAs were then hybridized with clpX and tig probes (see Materials and Methods) or hsp18 and mleA probes obtained as previously described (27, 32) . 42°C) were subjected to primer extension analysis to determine the 5Ј end of the clpX transcript. Reverse transcription experiments were done with oligonucleotides PE1, PE2, and PE3, complementary to the 5Ј noncoding region of clpX mRNA (Fig. 1B) . Among nonspecific products of the reverse transcription reaction, one common signal was obtained with each of the oligonucleotides (Fig. 6) , allowing the location of the 5Ј end of clpX to be 408 nucleotides upstream the putative AUA start codon (Fig. 1B) . The 5Ј end of clpX-specific mRNA detected during growth at 30°C or in heat-shocked cells was located at the same site. The signal obtained increased with the temperature shift from 30 to 42°C. This transcription start point allowed location of a putative promoter at the sequence TTctCg-19-aATAAT (Fig. 1B) . The clpX promoter showed a high similarity (uppercase letters) to the consensus found in the promoter for housekeeping functions of gram-positive bacteria as well as E. coli, such as has already been observed for hsp18 and mleA promoters from O. oeni (27, 32) . A direct heptanucleotide repeat (GGTCAAG) resembling the CtsR consensus recognition sequence (6) was found with the first base overlapping the clpX transcriptional start site. However, the repeats are separated by only one to three nucleotides for the CtsR consensus targets. Experiments need to be performed to determine whether this sequence could contribute to the regulation of clpX.
DISCUSSION
Using the high degree of similarity existing between the various clpX genes products known so far, we succeeded in cloning the clpX gene from O. oeni. Sequence analysis revealed that the O. oeni ClpX protein possessed the highly conserved regions of other ClpX: (i) an N-terminal zinc finger motif that could be involved in binding to the denaturated protein substrates (50), (ii) the two potential ATP binding sites, (iii) a central consensus motif located downstream from the second ATP binding site also found in bacterial ClpY, and (iv) two conserved short amino acid clusters separated by 63 amino acids (-PEF-and -GAR-) present in the C-terminal part of the ClpX proteins. It was suggested that these two conserved short sequences could be involved in the interaction of the regulatory subunit ClpX with the proteolytic component ClpP (15) .
We took advantage of an MBP fusion system to purify the With respect to clpX genes studied in prokaryotes (Table 1 ), it appears that the cluster to which clpX belongs includes various genes depending on the microorganism. As in B. subtilis, tig is located upstream of clpX and no clpP was found between the two genes (13). We were not able to identify of a classical start codon for the clpX mRNA. Cases of start codon others than AUG being used to initiate protein translation are well documented and include GUG, CUG, and UUG (45) . In addition, AUA has been reported as an in vivo initiation codon for some genes in lactic acid bacteria (44) or in E. coli (49) . Taking these data into account, the use of an atypical AUA start codon in the O. oeni clpX mRNA might be considered a possibility.
Few transcriptional analyses of bacterial clpX genes have been reported previously. The two examples concern clpX genes from E. coli and B. subtilis. In E. coli, clpX is organized in an operon with clpP (15); in B. subtilis, clpX transcription is monocistronic (13) . Analyses of the clpX and tig genes from O. oeni have revealed two mRNA transcripts of approximately the same size (1.6 kb). Two alternative hypotheses can be suggested: (i) tig and clpX are transcribed from two different promoters, yielding monocistronic mRNAs independently expressed with respect to growth phase or heat shock; (ii) transcription is initiated from a single promoter located upstream of tig and generates either the monocistronic 1.6-kb tig product, stopped at the putative transcription terminator, or a shortlived bicistronic tig-clpX mRNA. This large message, undetected in our Northern blot analyses, would be rapidly processed at the 5Ј end of clpX mRNA, as determined in RT-PCR and primer experiments, generating the monocistronic clpX messages. The differential tig and clpX expression observed during heat shock or in exponential growth phase may involve a greater stability of clpX mRNA under these conditions, presumably due to its 5Ј untranslated region (5Ј-UTR). At this stage of knowledge, both hypotheses can be considered, but we cannot exclude the possibility that tig and clpX regulation involves elements of both.
In any case, it must be assumed that the putative transcription terminator, located between tig and clpX coding sequences, allows read-through transcription. A growing number of genetic systems have been shown to be controlled by a variety of molecular mechanisms that modulate the termination activity of RNA polymerase (for a review, see reference (36) . In E. coli, a slight increase (1.5-fold) in the level of ClpX and ClpP was observed during transition to the stationary growth phase (48) . In O. oeni, clpX gene expression is increased by heat shock, and thus clpX belongs to the heat shock gene family. Considering the growth conditions in wine, we performed RNA extraction from cells subjected to acidic or ethanolic shocks. Unfortunately, these conditions led to RNA degradation. Surprisingly, the clpX transcript is more abundant during the exponential growth phase and decreases in amount during the later stages of growth. This behavior is different from those of hsp18 and trxA, the only stress genes well characterized in O. oeni (27, 28) . The trxA gene is constitutively expressed during all growth stages (28) . The Lo18 protein encoded by hsp18 was not detected in exponential-growth cells, but the transition to stationary growth phase induces its expression (21) . This result was confirmed by Northern analysis, with the detection of hsp18 transcript from the entrance in the stationary growth phase up to at least 24 h afterward. The high expression of the clpX gene in exponential growth may suggest a biological role of the ClpX protein in early growth stages of O. oeni. This observation is in agreement with a previous report showing that a clpX mutant of B. subtilis displayed an extended lag phase (12) .
Northern blot analysis did not allow discrimination of whether growth phase regulation is exerted at a transcriptional level or on clpX mRNA stability. However, the 5Ј-UTR of the O. oeni clpX message is very long (408 bp), as described for other genes for which a secondary structure has been shown to stabilize mRNA in a growth-dependent manner (5, 9, 35) . The effect of the mRNA 5Ј-UTR on clpX expression remains to be elucidated.
Regulation of the heat shock response has been extensively studied in E. coli, where induction of the major heat shock regulon is triggered by the accumulation of denatured or misfolded proteins in the cytoplasm and is governed by the alternative sigma factor 32 (for a recent review, see reference 57). In B. subtilis, at least four classes of heat shock genes can be distinguished. Class I genes (operons dnaKJ and groESL) are transcribed from vegetative promoters and are subjected to negative control by the HrcA repressor that interacts with the CIRCE operator (46, 59, 60) . Most of the B. subtilis stress genes belong to class II and define the general stress regulon. This regulon is dependent on the alternative sigma factor B (23) . Class III is composed of clpP, clpC, and clpE, which encode for subunits of the Clp ATP-dependent protease. It has recently been shown that CtsR acts as a repressor of these genes by interacting with their promoter regions (6, 30) . This heat shock regulation by CtsR is a highly conserved mechanism in gram-positive bacteria (6, 30) . Stress genes for which induction mechanisms have not been completely characterized (clpX, trxA, lonA, ftsH, htpG, and ahpC) are grouped in class IV (1, 7, 13, 40, 43, 47) .
In O. oeni, the hsp18 promoter region harbors two directly repeated sequences that overlap the Ϫ35 and Ϫ10 housekeeping gene promoter sequences. These repeated heptanucleotide sequences have been identified as potential CtsR binding sites (6) . We showed that complete inhibition of protein synthesis by chloramphenicol did not prevent hsp18 expression in heat shock conditions. This result indicates that de novo protein synthesis is not necessary for induction of hsp18 transcription and is consistent with the hypothesis of a repression mechanism that could be mediated by a CtsR-like protein. Conversely, clpX mRNA was not detected after chloramphenicol addition under either normal or heat shock conditions. Thus, clpX expression seems to require de novo protein synthesis. The data presented here suggest a complex regulation that could also involve other mechanisms such as regulation at the incomplete CtsR-like recognition sequence, termination-antitermination, or posttranscriptional regulation occurring at the long 5Ј-UTR of clpX mRNA.
These results provide evidence for the existence of at least two different regulation mechanisms of heat shock gene expression in O. oeni. hsp18 regulation could be similar to the CtsR-mediated repression described for the class III stress genes of B. subtilis, whereas clpX could involve several unknown regulation systems.
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